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A B S T R A C T The effects of administration of drug combinations on uric acid excretion were studied in order to test the hypothesis that a portion of renal tubular reabsorption of uric acid occurs distal to the uric acid secretory site.
Oral administration of pyrazinamide (3 g) during probenecid uricosuria (probenecid 500 mg every 6 h) decreased urate excretion from 463 isg/min following probenecid medication alone to 135 /Ag/min following probenecid plus pyrazinamide (P <0.01). When a greater uricosuric effect was induced with a 2 g oral dose of probenecid, the decrement in urate excretion which followed pyrazinamide administration (3 g) was more pronounced (2,528 u'g/min following probenecid alone, 574 t&g/min following probenecid plus pyrazinamide).
Results were similar when an 800 mg oral dose of sulfinpyrazone was given in place of probenecid (1, 885 ig/min following sulfinpyrazone alone, 475 /hg/min following sulfinpyrazone plus pyrazinamide). Thus, apparent urate secretion (measured as the decrease in excretion of urinary uric acid resulting from pyrazinamide administration) appeared to vary, depending upon the degree of inhibition of reabsorption produced by probenecid or sulfinpyrazone.
When small doses of aspirin were administered in place of pyrazinamide to produce secretory inhibition, the results were similar.
Neither probenecid nor pyrazinamide significantly altered urate excretion when administered to patients with serum salicylate levels above 14 mg/100 ml.
These results are interpreted as suggesting that renal tubular reabsorption of uric acid occurs at least in part at a postsecretory site and that a portion of secreted urate is reabsorbed. During maximum probenecid-or sulfinpyrazone-induced uricosuria, inhibition of urate secre- tion with either pyrazinamide or low doses of aspirin resulted in a decrease in uric acid excretion which exceeded total urinary uric acid during control periods by two-to fourfold. This suggests that renal tubular secretion of urate may greatly exceed uric acid excretion and that a large fraction of secreted urate is reabsorbed. The pyrazinamide suppression test underestimates urate secretion. Uricosuria induced by some drugs, including probenecid, sulfinpyrazone, and iodinated radioopaque dyes, appears to represent, at least in part, inhibition of postsecretory urate reabsorption.
INTRODUCTION
Urinary excretion of uric acid is thought to be derived from two sources: uric acid filtered at the glomerulus and incompletely reabsorbed, and uric acid secreted by the renal tubules (1, 2) . Techniques for determining the relative contribution to total urinary uric acid of each of these mechanisms depend upon the assumption that the site of uric acid reabsorption in the renal tubule is proximal to the site of its secretion (3, 4) . Recently, however, total urinary uric acid excretion has been reported to increase when urine flow rate increases, due to decreased distal tubular reabsorption of uric acid (5) . Recent studies in the rat have provided evidence for distal tubular urate reabsorption in this species (6) .
If renal tubular reabsorption of uric acid in man occurs at a site distal to the secretion site, part of what is secreted can be reabsorbed downstream. Under these circumstances, the amount of uric acid in the urine that is attributed to secretion is really that which is secreted and escapes reabsorption. Blocking reabsorption would lead to an apparent increase in the secreted fraction. However, if the reabsorption site is proximal to the secretion site, none of the urate added to the urine by secretion can be reabsorbed and blockade of the reabsorption site would not lead to an increase in the apparently secreted fraction.
To test the hypothesis that a portion of uric acid reabsorption occurs distal to the secretory site, the effects on uric acid excretion of the administration of drug combinations were studied. Probenecid or sulfinpyrazone was used to block uric acid reabsorption (7, 8) , pyrazinamide or small-dose aspirin was used to inhibit uric acid secretion (3, 9, 10) , and large-dose aspirin to block both secretion and reabsorption (9) . Inhibition of reabsorption of uric acid produced an apparent increase in its secretion. These results are not in accord with the hypothesis that most or all of uric acid reabsorption occurs proximal to the secretory site of uric acid. They are more consistent with the existence of a postsecretory reabsorptive site for uric acid in man.
METHODS
The subjects selected for investigation were 15 men and one woman ranging in age from 25 yr to 64 yr (mean age, 48). 11 subjects were hyperuricemic and 9 of them had clinical gout. Five subjects were normouricemic controls. All studies were conducted in the morning following an overnight fast. All subjects were at rest and clinically well during the studies. Medication known to effect the level of serum uric acid or urinary uric acid excretion was withdrawn at least 4 days prior to the studies. All subjects were maintained on a purine-free, low-protein, isocaloric diet for 3 days prior to and throughout the studies. Standard renal clearance techniques were employed.
Results in this study were similar for hyperuricemic and normouricemic subjects and the results were therefore all grouped together. This might be questioned since some patients with gout have been reported to have deficient urate secretion (11) . However, the differences in urate transport between normal and gouty subjects in these studies were small when compared with the drug-induced changes here reported, and would not be expected to influence the results of the present study.
Glomerular filtration rate was estimated on the basis of endogenous creatinine clearance. Creatinine was determined by AutoAnalyzer method (Technicon Corp., Tarrytown, N. Y.). Uric acid was determined by an automated enzymatic spectrophometric technique (12) . Salicylate was determined by the method of Keller (13) . 24 -h urine collections. 24 h urinary uric acid excretion, while subjects ate a purine-free diet, was determined by collection of urine for two or three consecutive 24 h periods. Blood samples were obtained at the beginning and end of each 24-h period. Similar 24-h urine collections were obtained from subjects receiving probenecid 500 mg every 6 h alone, or probenecid in combination with salicylate in small dose (300 mg every 6 h) or large dose (900-1,200 mg every 4-6 h), or salicylate alone in the small or large dose.
Pyrazinamide studies. The effect of pyrazinamide on urate excretion was determined using a format adapted from that described by Steele and Reiselbach (3) . The control phase of each study involved three clearance periods of approximately 20 min each. Blood for determination of uric acid and creatinine was collected at the start of the initial period and the end of the third period. Total excretion during the three clearance periods was used for calculation of clearances. At the end of the third clearance period, each subject took 3 g of pyrazinamide orally. 1 h later, the first of three additional 20 min clearance periods was begun. Uric acid and creatinine excretion and clearance were calculated as before. Where appropriate, urine collections were continued for 2 h or longer with blood collections at the beginning and end of each clearance period. Blood for uric acid and creatinine was collected hourly throughout. Maximum decrease in urinary uric acid content usually occurred within 80 min of pyrazinamide administration, and as previously observed (14) , persisted for at least 2i h.
The effect of pyrazinamide on probenecid induced uricosuria. In six subjects, probenecid uricosuria was established by administering probenecid, 500 mg every 6 h (8 a.m., 2 p.m., 8 p.m., and 2 a.m.) for 24-48 h. On the 2nd or 3rd day of probenecid administration, the 8 a.m. dose of probenecid was administered, and then beginning at 9 a.m., the effect of pyrazinamide was determined according to the protocol already described beginning with control clearance periods. Blood samples were obtained hourly during the clearance studies. In three subjects, additional studies were carried out in order to assess the effect of pyrazinamide on maximal probenecid-induced uricosuria. Probenecid, 2 g, was administered as a single oral dose at 9 a.m. on 2 consecutive days, 1 day alone, and the other day in combination with 3 g of pyrazinamide. Beginning at 9 a.m., four consecutive urine collections, of approximately 30 min each, were carried out for measurement of uric acid and creatinine clearances. Blood samples were obtained at the beginning and end of each clearance period.
The effect of small doses of aspirin on probenecid-induced uricosuria. In six subjects, 24 h urinary uric acid excretion was measured both during oral administration of probenecid, 500 mg every 6 h, and during oral administration of probenecid 500 mg every 6 h, together with aspirin 300 mg every 6 h (8 a.m., 2 p.m., 8 p.m., and 2 a.m.). In two subjects, the effect of aspirin on maximal probenecid-induced uricosuria was studied by the administration of a single oral 2 g dose of probenecid at 9 a.m. on 2 consecutive days, 1 day alone, and the other day in combination with 300 mg of aspirin. Blood and urine samples were collected as already described for probenecid and pyrazinamide.
The effect of pyrazinamide on salicylate-induced uricosuria. In order to investigate the interaction of pyrazinamide and aspirin on uric acid excretion, aspirin 20 mg/kg was administered orally at 10 a.m. on 2 consecutive days, following base-line urine collections. Urine was collected at 30-min intervals for the next 3 h. Blood for determination of serum uric acid, creatinine, and salicylate was collected at the start of the study and at the end of each urine collection. On either the first or the second of the 2 days, pyrazinamide, 3 g, was administered orally 1 h before administration of aspirin.
Since a single large dose of aspirin often failed to produce uricosuric serum salicylate levels, pyrazinamide was administered to three subjects on the second day of large dose oral salicylate administration (3.6-5.4 g/day in divided doses).
Urine collection. Urinary bladders were not catheterized. In studies involving brief urine collection periods, subjects were hydrated orally with water in amounts sufficient to provide a steady rate of urine flow of at least 5 ml/min. When multiple studies were carried out in a single subject, water intake was identical for all studies so that urine flow rates were comparable. If bladder emptying were incomplete, this could introduce an error in the calculated urate excretion and clearance, particularly in data involving brief urine collection periods. Completeness and accuracy of urine collection were assessed by measurement of creatinine in all Significantly different from urinary urate following probenecid alone (P < 0.01). § Significantly different from urate clearance following probenecid alone (P < 0.05).
urine collections. Data from collection periods in which urinary creatinine determinations indicated significant error in urine collections are not included in this report. Urinary excretion of urate was calculated both as total excretion and as urate excretion per creatinine clearance and urate clearance per creatinine clearance. Since these latter calculations are based only on urine and plasma concentrations, 72 /Ag/min when probenecid alone was given to 135±21 /Ag/min when probenecid was given with pyrazinamide (P < 0.01) ( Table I) . In all six subjects, there was little change in serum urate level. Urate clearance decreased from 9.7+2.5 ml/min when probenecid was given alone to 2.6±0.8 ml/min following administration of probenecid plus pyrazinamide (P < 0.05). Pyrazinamide administration reversed probenecid uricosuria, resulting in urate excretion which was less than control urate excretion when no drug was administered. The decrement in urate excretion produced by pyrazinamide was more pronounced when profound uricosuria was induced by oral administration of either a single 2 g dose of probenecid (Table II) , or an 800 mg dose of sulfinpyrazone (Table III) . Urate excretion increased from a mean of 407 ug/min when no drug was given to peak of 2,528 mg/min following administration of probenecid alone. Maximum urate excretion was only 574 meg/min when pyrazinamide was administered together with probenecid. Similarly, urate excretion increased from a mean of 334 /Ag/min when no drug was given to a peak of 1,885 meg/min following administration of sulfinpyrazone alone. Maximum urate excretion was only 475 mg/min when pyrazinamide was administered together with sulfinpyrazone. The decrease in urate excretion attributed to pyrazinamide at the time of maximal probenecid or sulfinpyrazone effect, was four times as large as urate excretion when no drug was taken. If pyrazinamide effect is attributed to inhibition of renal tubular urate secretion, then urate secretion must have been larger than total excretion of uric acid in the urine of subjects who were taking no medication. Thus, apparent renal tubular urate secretion (measured as the decrease in urinary uric acid resulting from pyrazinamide administration) appeared to vary, dependent upon (Table IV) . Mean 24 h urate excretion decreased from 779±38 mg while probenecid 2 g/day was given alone to 530±59 mg when probenecid was administered along with aspirin 300 mg every 6 h (P < 0.01). The mean decrease in urate excretion following small-dose aspirin administration was greater when aspirin was administered during partial inhibition of reabsorption by probenecid (249±43 sg/min) than during aspirin administration alone (193±49 /Ag/min).
When a greater degree on inhibition of urate reabsorption was produced with a single large dose of probenecid, the effect of secretory inhibition by aspirin was more pronounced (Table V) . Administration of 300 mg aspirin with 2 g probenecid resulted in a decrease in maximal urate excretion from 3,162 Ag/min when receiving probenecid alone to 1,152 'g/min when probenecid plus aspirin was given. Again the decrement in urate excretion (2,010 Ag/min) following inhibition of urate secretion by aspirin exceeded control urate excretion by almost fourfold (562 isg/min).
Effect of oral administration of pyrazinamide or probenecid on salicylate-induced uricosuria. When a single large dose of aspirin (20 mg/kg) was administered orally to eight subjects, serum salicylate levels were generally less than 5 mg/100 ml at the end of the first 30 min clearance period and increased to peak values of 8-22 mg/100 ml at 90-120 min after drug administration. The low serum salicylate levels in the first clearance period after aspirin ingestion were associated with a decrease in urate excretion from 320±76 /Ag/min when no drug was given, to 217±56 ug/min after aspirin. Although the response in uric acid excretion following salicylate administration varied considerably from subject to subject, uricosuria usually occurred when peak serum salicylate levels exceeded 14 mg/100 ml. The biphasic response to aspirin administration of urate retention, at low serum salicylate level and uricosuria at high serum salicylate level, is attributed to secretory inhibition by lesser concentrations of aspirin and inhibition of both secretion and reabsorption by greater concenrations of aspirin (9) Similarly, when probenecid 500 mg every 6 h was added to aspirin at a dosage of 3.6-6.4 g/day, urate excretion did not change (Table VII) . DISCUSSION A study employing combinations of drugs with known individual effects on uric acid excretion has been used as a means of quantitatively estimating the effect inhibition of urate reabsorption has on the component of urinary uric acid apparently secreted by the renal tubule. The interpretation of the results obtained is based in part on assumptions regarding the most probable mechanisms of action of the drugs employed.
The decrease in total urate excretion which follows pyrazinamide administration is assumed to represent essentially complete suppression of renal tubular secretion of urate with little or no effect on urate filtration or reabsorption. Uric acid appearing in the urine following administration of pyrazinamide is assumed to represent uric acid filtered at the glomerulus and not reabsorbed. The data supporting these assumptions have previously been summarized (3, 4) . In the present study, the decrease in urate excretion produced by pyrazinamide alone was similar to that previously described (3, 4). Several recent animal studies have suggested additional effects of pyrazinamide on tubular transport of urate. Experiments in the cebus monkey and chimpanzee have been interpreted to suggest that in these species, pyrazinamide may increase urate reabsorption by the renal tubule, as well as inhibiting secretion (15, 16) . More recently, a dual action consisting of inhibition of urate secretion by small doses of pyrazinamide and inhibition of urate reabsorption by large doses of pyrazinamide has been described (17) . There was no evidence of inhibition of urate reabsorption by the 3 g doses of pyrazinamide used in the present study. Partial inhibition of urate reabsorption by pyrazinamide superimposed upon inhibition of urate secretion would not explain the results of the present drug interaction studies. Evidence for a primary mechanism of action of pyrazinamide in man other than inhibition of urate secretion might result in a different interpretation of the results of the present study.
The uricosuric effects of probenecid and sulfinpyrazone are generally accepted as representing inhibition of renal tubular reabsorption of urate (7, 18) . The uricosuric effect of large doses of salicylate in all probability results from a similar mechanism. The urate-retaining effect of small doses of salicylate might be attributed to stimulation of urate reabsorption by these small doses.
However, as pointed out by Yuf and Gutman (9) , this effect requires the assumption that different dose levels of the same drug can result in either stimulation or inhibition of the same transport mechanism. Thus, the alternative concept of inhibition of urate secretion by small doses of salicylate and inhibition of both urate secretion and reabsorption by large doses of salicylate has generally been accepted. The uricosuric effects of probenecid, sulfinpyrazone, and salicylate and the urate-retaining effects of small doses of salicylate observed in the present study were similar to the results previously reported by others (7, 9) .
In the present study, during probenecid-or sulfinpyrazone-induced uricosuria, inhibtion of urate secretion by the administration of either pyrazinamide or small doses of salicylate resulted in a marked decrease in amount of uric acid in the urine. The results of these drug interaction studies are consistent with results previously reported by others. Yu and Gutman (9) , studying the effect of small doses of salicylate on probenecid-induced uricosuria, noted that the decrease in urate excretion produced by salicylate during probenecid uricosuria could exceed total urinary uric acid and could far exceed the postulated proximal secretion or uric acid. The interaction of sulfinpyrazone with aspirin is similar to the interaction of probenecid with pyrazinamide and aspirin (18) .
Fanneli, Bohn, and Riley (16) reported that in the chimpanzee, pyrazinamide produced a decrement in urate excretion during probenecid uricosuria which greatly exceeded total urinary uric acid when no drug was given. Although there is no evidence which would exclude the possibility that pyrazinamide acts in man by stimulating uric acid reabsorption rather than inhibiting its secretion, the similarity of the effects of small doses of aspirin and 3 g pyrazinamide in the present study and the paradoxical effects of aspirin on urate excretion make this explanation less likely.
A similar biphasic response of urate excretion has also been observed following administration of low and high doses of either probenecid (19) or sulfinpyrazone (8) . Thus, high doses of these drugs might be potent inhibitors of urate secretion in man. If probenecid or sulfinpyrazone are potent inhibitors of urate secretion in man, then the profound decrement in urate excretion which follows the administration of pyrazinamide together with one of these drugs could not logically be attributed to inhibition of urate secretion by pyrazinamide. However, at least for sulfinpyrazone, this does not appear to be the case, since tubular secretion of urate has been demonstrated in normal man following the administration of large doses of sulfinpyrazone (20) .
Thus, the most direct interpretation of the results of the present study is that urate reabsorption occurs, at least in part, distal to the urate secretory site. Under these circumstances, the decrease in urate excretion which follows inhibition of urate secretion by pyrazinamide is a measure of urate secretion less the portion of this secretion that is reabsorbed. Unless reabsorption of secreted urate is inhibited, pyrazinamide administration does not provide a measure of total urate secretion.
It is recognized that the interpretation of the mechanism producing the effects of drug combinations on uric acid excretion is complex. In addition to effects on urate transport, possible forms of drug interaction include drug-induced alteration of uric acid binding to serum proteins and alteration of serum protein binding, metabolism, or renal transport of one drug by another.
Probenecid and salicylate decrease urate binding to serum proteins (21) . However, there is little evidence for significant urate binding to serum proteins under physiologic conditions (22, 23) . There is no correlation between effects of a drug on urate excretion in a given species and the effects of the same drug on urate binding by serum protein (24) . Also, since reabsorption of uric acid is thought to be almost complete at physiologic filtered uric acid loads (3, 4) (27) . If pyrazinamide and small doses of aspirin inhibit probenecid secretion, they might decrease the concentration of probenecid distal to the site where probenecid is secreted. This effect would result in a decreased concentration of probenecid at a urate reabsorptive site distal to the pro-benecid secretory site, but would not alter probenecid concentration at a proximal, presecretory, reabsorptive site. Thus, this form of drug interaction would also be consistent with a reabsorptive site for urate distal to its secretory site in the renal tubule. Probenecid is known to be reabsorbed in the distal tubule (27) , a finding which is consistent with the hypothesis that at least part of probenecid uricosuria is due to inhibition of urate reabsorption in the distal tubule. Sulfinpyrazone and other phenylbutazone analogues are strongly protein bound and enter the urine almost entirely by secretion, probably at the same site as probenecid (28) . These drugs are also reabsorbed in the distal tubule and are markedly uricosuric, probably through inhibition of urate reabsorption. Again the site of inhibition of urate reabsorption in the renal tubule is more likely to be distal to or coextensive with the secretory site for both the drugs and uric acid. Although this interpretation of the present results is plausible, it should be noted that this form of drug interaction would not explain pyrazinamide inhibition of uricosuria, interpreted as apparent increased urate secretion in renal tubular disease (17) , sickle cell anemia (26) , or following water diuresis (5) when uricosuria was not drug induced.
Thus, either of the two most probable interpretations of the results reported here indicate that urate reabsorption occurs at a site distal to or coextensive with the urate secretory site, and that a portion of secreted urate is reabsorbed. Postsecretory urate reabsorption may be localized to either the proximal or distal tubule or may occur at both sites.
The present study should not be interpreted as suggesting that all reabsorption of urate in the renal tubule occurs distal to the secretory site. Steele (14) has reported an increase in the fraction of urate excretion not inhibited by pyrazinamide under conditions of extracellular fluid volume expansion. This finding suggests that under conditions in which proximal tubular reabsorption of sodium and water is altered, urate reabsorption changes in the same direction as sodium and water reabsorption. Since these alterations in urate excretion do not affect the secretory component, they probably represent proximal presecretory urate reabsorption. If the decrease in urate secretion which follows administration of either pyrazinamide or small doses of salicylate, is attributed to inhibition of urate secretion, then the magnitude of the decrease provides a minimum estimate of renal tubular secretion of uric acid under the conditions of the study. As estimated by pyrazinamide inhibition of secretion, the apparent contribution of urate secretion to uric acid excretion varied dependent upon the degree of inhibition of urate reabsorption produced by probenecid. During maximal drug-induced uricosuria, inhibition of urate secretion with either small doses of aspirin or pyrazinamide decreased urate excretion by an amount which exceeded by two-to fourfold total urinary uric acid during control periods. This finding is in accord with predictions based on the hypothesis that part or all of urate reabsorption occurs at a site in the renal tubule coextensive with or distal to the urate secretory site and that a portion of secreted urate is reabsorbed. Thus, using this model, the secretory component of uric acid excretion would appear to exceed total urinary uric acid by several fold.
In conclusion, evidence is presented suggesting that renal tubular reabsorption of uric acid occurs at least in part at a site in the tubule distal to coextensive with the site for uric acid secertion, and that a portion of secreted urate is reabsorbed. Tubular secretion of urate appears to be greater than has generally been estimated and may exceed total urinary uric acid by several fold. The pyrazinamide suppression test underestimates urate secretion. The uricosuric effects of some drugs such as probenecid, sulfinpyrazone, and iodinated radioopaque dyes (29, 30) , are reversed by pyrazinamide. Uricosuria induced by these drugs appears to represent at least in part, inhibition of postsecretory urate reabsorption.
